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We study the loss of spatial coherence in the extended wave function of fullerenes due to collisions
with background gases. From the gradual suppression of quantum interference with increasing gas
pressure we are able to support quantitatively both the predictions of decoherence theory and our
picture of the interaction process. We thus explore the practical limits of matter wave interferometry
at finite gas pressures and estimate the required experimental vacuum conditions for interferometry
with even larger objects.
PACS numbers: 03.75.-b,03.65.Yz,39.20.+q
Matter wave interferometers are based on quantum
superpositions of spatially separated states of a single
particle. However, as is well known, the concept of
wave-particle duality does not apply to a classical ob-
ject which by definition never occupies macroscopically
distinct states simultaneously. By performing interfer-
ence experiments with particles of increasing complexity
one can therefore probe the borderline between these in-
compatible descriptions.
It is still a matter of debate how to explain the
quantum-to-classical transition in a unified framework.
Some theories contain an element beyond the unitary
evolution of quantum mechanics [1, 2] — which includes
the ‘collapse’ of the wave function as taught in many
standard textbooks. Decoherence theory, on the other
hand, remains within the framework of the quantum the-
ory [3, 4, 5]. It explains the decay of quantum coherences
as being caused by the interaction of the quantum object
with its environment.
So far, several decoherence experiments in atom inter-
ferometry focused on the loss of coherence due to scat-
tering of a single [6, 7] or a few [8] laser photons by an
atom. Other authors proposed or realized schemes to en-
code which-path information in internal atomic degrees
of freedom, thereby reducing the interference contrast as
well, in spite of a negligible change in the atomic center-
of-mass state [9, 10]. These studies are complemented
by experiments which quantitatively followed the deco-
herence of a coherent photon state in a high-finesse mi-
crowave cavity [11] or of the motional state of a trapped
ion [12]. However, all these experiments worked with
few-level systems and engineered environments.
In the present letter we quantitatively investigate a
mechanism which seems to be among the most natural
and most effective sources of decoherence in our macro-
scopic world, namely collisions with gas particles. From
the controlled suppression of quantum interference as a
function of the gas pressure we are able to test both the
predictions of decoherence theory and our picture of the
collisional interaction.
We note that the effect of atomic collisions in an atom
interferometer was already investigated in [13]. How-
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FIG. 1: Schematic setup of the near-field interferometer for
C70 fullerenes. The third grating uncovers the interference
pattern by yielding an oscillatory transmission with lateral
shift xs. Collisions with gas molecules localize the molecular
center-of-mass wave function leading to a reduced visibility of
the interference pattern.
ever, decoherence effects were not observed in these ex-
periments, since the detected atoms did not change the
state of the colliding gas sufficiently to leave behind
the required path information for decoherence. In con-
trast to that, our experiment uses massive C70-fullerene
molecules, and is based on a Talbot-Lau interferometer
(TLI) with a wide acceptance angle. Consequently, a
fullerene molecule still enters the detector after a typical
collision, while the gas particle is left in a state distin-
guishing the path taken.
Recently, the theoretically optimal interference con-
trast could be observed in our high-vacuum TLI [14], in
spite of the high mass, temperature and complexity of
the fullerenes. This permits us to study now the gradual
loss of interference with increasing background gas pres-
sure. The central part of the experiment is sketched in
Fig. 1. An uncollimated, thermal beam of C70 fullerenes
passes three identical vertical gold gratings, with a grat-
ing period of d=991nm and a slit width of 475 nm. They
are separated by an equal distance of L = 0.22m which
is the Talbot length Lλ ≡ d
2/λ for molecules with a ve-
locity of 106 m/s (corresponding to a de Broglie wave
length of λ = 4.46 pm). A horizontal laser beam behind
the third grating ionizes the molecules regardless of their
2horizontal position. Three height constrictions — the
oven orifice, the laser beam, and a horizontal slit half-
way between — determine the parabolic trajectories in
the gravitational field and thus select a narrow velocity
distribution (∆v/v = 8%) out of the molecular beam.
The TLI is based on a near-field interference phe-
nomenon, the Talbot-Lau effect. For a specific molecu-
lar wave length it generates a high-contrast density pat-
tern at the position of the third grating, which is an
image of the second one. The quantum interferogram
is then recorded by counting the number of laser ionized
fullerenes as a function of the lateral position of the third
grating xs. Quantum mechanics predicts a transmission
periodic in xs with period d (see Fig. 2),
T (xs) =
∑
ℓ∈Z
Tℓ exp
(
2πiℓ
xs
d
)
. (1)
The Fourier coefficients Tℓ depend strongly on the molec-
ular de Broglie wavelength λ (for ℓ 6= 0) as given in [15].
They are determined by the grating configuration and in-
clude the attractive Casimir-Polder interaction between
the fullerenes and the gold gratings. From the observed
λ-dependence of the high-vacuum fringe visibility we find
that the signal is certainly caused by near-field quantum
interference, and not by classical dynamics [14, 15].
In the following we use the TLI as a means of mon-
itoring the evolution of an extended, partially coherent
quantum state of the molecular center-of-mass. The in-
teraction with gas particles is examined by filling the
vacuum chamber with various gases at low pressure
(p ≤ 2.5× 10−6mbar) and room temperature.
In order to relate the expected loss of interference to
decoherence theory [3, 4, 16, 17] we define the decoher-
ence function η as a factor to the density matrix of the
molecular center-of-mass state ρ0(r, r
′). It describes the
loss of coherence, i.e, the reduction of the off-diagonal
elements in position representation, after one scattering
event,
ρ(r, r′) = ρ0(r, r
′) η(|r− r′|) . (2)
This form follows from a trace over the scattered gas
particle. It implies that the mass of the incident particle
is much smaller than the fullerene mass and that the
distribution of the incoming velocities is isotropic.
The reduction of interference is obtained by evolving
the molecular state from the first to the third grating sub-
ject to (2) which is equivalent to solving the correspond-
ing master equation in paraxial approximation. While a
detailed derivation will be given elsewhere, it is sufficient
to note that the final effect of collisional decoherence is
described completely by a modification of the Fourier co-
efficients,
Tℓ → Tℓ exp
(
− 2nσeff
∫ L
0
[
1− η
(
ℓ
z λ
d
)]
dz
)
. (3)
Here, n is the density of the gas environment and σeff the
effective total cross section which accounts also for the
thermal velocity distribution g(vg) in the gas. We note
that the component T0 is left unchanged by (3), since
η(0) = 1 as required from the conservation of probability
in (2). It follows that the average transmission remains
constant, i.e, the equation describes the decoherence in-
duced by the gas, but no losses.
In order to obtain a kinematic interpretation of (3) we
first discuss the specific form of the decoherence function
η for large molecular masses. By extending the analysis
in [3, 5, 16] and assuming an isotropic interaction poten-
tial, described by the scattering amplitude f , we find
η(∆r) =
∫
∞
0
dvg
g(vg)
σ(vg)
∫
dΩ
∣∣f( cos(θ))∣∣2
× sinc
(
sin
(θ
2
)2mgvg∆r
~
)
. (4)
Here, the second integral covers the scattering angles of
the gas particle. For ∆r = |r− r′| → 0 it yields the total
cross section σ(vg) and we retrieve η(0) = 1. At finite
separations ∆r the sinc function reduces the contribu-
tions of the scattering amplitude as the deflection angle
θ grows, i.e. with an increasing momentum transfer dur-
ing the collision. The relevant length scale is set by the
reciprocal momentum transfer in units of ~.
Compare this to the coherence in the molecular state
which is needed to contribute to the ℓth Fourier compo-
nent of the signal. In order to illuminate coherently a re-
gion of size d/ℓ on the third grating from a distance z the
required correlation in momentum must have a scale δp
with δp/p×z ≃ d/ℓ. Hence, 2π~/δp ≃ ℓzλ/d which moti-
vates the form of (3): Whenever the momentum kick ex-
perienced by the molecule at a distance z is large enough
to destroy the required correlations the molecule will not
contribute to the interference signal. The integration in
(3) covers all scattering positions between the second and
the third grating, and by symmetry also those between
the first and the second one (yielding the factor 2).
The case of weak decoherence, where a single event
yields only partial which-way information, was studied
in [6, 7, 8]. There the spatial coherence in the center-
of-mass state had a smaller scale than the resolution set
by the average momentum kick. The present experiment
explores the opposite regime since the relevant path sep-
arations ∆r = ℓzλ/d are by orders of magnitude larger
than the average reciprocal momentum kick for almost
all z. It follows that the relevant long range coherences
are destroyed completely and independently of the sepa-
ration ∆r. This simplifies the integration in (3) since we
can now set η = 0 for ℓ 6= 0 implying a localization rate
which is determined only by the effective cross section.
Since the fringe contrast of our experiment is essentially
determined by the basic Fourier component T1 [15] we
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FIG. 2: Fullerene fringe visibility vs. methane gas pressure
on a semi-logarithmic scale. The exponential decay indicates
that each collision leads to a complete loss of coherence. The
solid line gives the prediction of decoherence theory, see text.
The inset shows the observed interference pattern at (a) p =
0.05 × 10−6 mbar and (b) p = 0.6 × 10−6 mbar.
thus expect a visibility of
V (p) = 2
|T1|
T0
exp
(
−
2Lσeff
kBT
p
)
=: V0 e
−p/p0 (5)
as a function of the gas pressure p = nkBT . Note that al-
though simple collisional loss may lead to an exponential
drop in count rate, loss alone will not affect the visibility.
The exponential decay of the fringe contrast described
by (5) is a genuine effect of decoherence.
An experimental demonstration of collisional localiza-
tion is presented in Fig. 2. It shows the pressure depen-
dence of the fringe visibility in the presence of methane
gas. A central molecular velocity of vm = 117m/s was
chosen, corresponding to a maximal vacuum visibility of
41% [14]. The quantitative agreement with our model
(the solid line in Fig. 2) is obtained by extending the
above reasoning by two additional points.
First, the momentum transfer is not isotropic in our
experiment due to the directed motion of the molecules.
Nonetheless, any collision localizes the molecule, and the
conclusion remains valid that the loss of coherence in
(3) is determined only by σeff . However, in the effective
cross section the velocities of both the molecule vm and
the gas must be taken into account. Since the collisions
are governed by the isotropic London dispersion force
[18, 19] they are determined by a single parameter C6
(see Tab. I). Following [18] and after an integration over
the thermal distribution g(vg) we find
σeff(vm) =
C
2/5
6
~2/5
v˜
3/5
g
vm
(
8.4946 + 1.6989
v2m
v˜2g
)
(6)
gas C6 gas C6 gas C6
H2 0.80 CH4 3.3 Ar 2.3
D2 0.77 N2 2.1 Kr 3.4
He 0.31 Ne 0.71 Xe 5.1
TABLE I: Van der Waals parameters for the interaction of C70
fullerenes with various gases, in units of meV nm6 (obtained
as outlined in [19] using data from [20]).
with v˜g the most probable velocity in the gas. This
expression, which is an asymptotic expansion for small
vm/v˜g, predicts an effective cross section which exceeds
the geometric one by two orders of magnitude.
The second point to be considered are the corrections
due to the particular constraints in our experiment, no-
tably the gravitational velocity selection and the finite
size of the detector. On the one hand, even those col-
lisions which occur outside of the interferometer can
change the visibility since they alter the direction of the
molecule in the uncollimated beam, which reshuffles the
observed velocity classes as a function of the gas pres-
sure. On the other hand, due to the finite width of the
detector, the observed molecules from the selected ve-
locity class suffered on average less collisions than the
undetected ones. In order to account for these effects we
solve the classical phase space dynamics using a Monte
Carlo method. Our predictions for the visibility are then
obtained by weighting Eq. (5) with the classical velocity
distribution of those molecules which reach the detector.
As seen from Fig. 2 our calculation, which contains
no adjustable parameters, agrees well with the observed
decrease of the visibility. The simulation also reproduces
the pressure dependence of the count rates and of the
measured velocity distributions.
The loss of coherence with increasing pressure is de-
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FIG. 3: Experimental decoherence pressure p0 for various
gases compared to the predictions of decoherence theory.
4scribed by the “decoherence pressure” p0 defined in (5).
It is determined experimentally by an exponential fit to
the pressure dependent visibilities as in Fig. 2. Figure 3
compares the measured values of p0 to the theoretical
predictions for a number of mono-atomic and molecular
gases [23]. We find a very satisfactory agreement over the
whole broad range of masses and interaction strengths –
both of which cover almost two orders of magnitude. The
experimental error is mainly due to the uncertainty in the
pressure measurement (about 15%). The uncertainty of
the theoretical values amounts to about 5% (not drawn in
the figure) and is related to lacking information about the
velocity dependence of the fullerene detection efficiency.
Most remarkable in Fig. 3 is the weak dependence of
the decoherence pressure on the specific type of collision
partners. This can be explained if we assume that the
polarizability and therefore also C6 are proportional to
the mass of the scattered particle mg. Then (6) shows
that the mass dependencies of the interaction constant
and of the mean gas velocity almost cancel out leaving
σeff ∝ m
1/10
g . This remaining dependence is so weak that
the deviations in the interaction constants due to the par-
ticular electronic structure of the gases outweigh the bulk
behavior. Xenon, for example, as the heaviest gas used,
lies right in the middle of the observed range of decoher-
ence pressures. We also note that the effect of molecular
background gases does not deviate systematically from
atomic ones.
Finally, based on the good overall agreement between
experiment and theory we can estimate the vacuum con-
ditions that are required for the successful observation
of quantum interference of much larger objects. For
the sake of an appealing example, let us consider a
virus with a mass of M = 5 × 107 amu interacting with
molecular nitrogen (air) at room temperature. Since the
static polarizability of large hydrocarbons is closely pro-
portional to their mass the Slater-Kirkwood approxima-
tion [21, Chap. 13.3] for the van der Waals parameter
yields C6(M -N2)/meVnm
6 ≃ 3.5× 10−3M/amu. Equa-
tions (5) and (6) then predict a decoherence pressure of
p0/mbar ≃ 2.7 × 10
−11 sec vm/L. By inserting L = 1m
for the interferometer size and vm = 10m/s for the ve-
locity we find that collisions would not limit quantum
interference in a TL-interferometer even for an object as
large as a virus, provided we can reduce the background
pressure to below p ≃ 3 × 10−10mbar. This is certainly
feasible with available techniques.
In conclusion, our experiments investigate for the first
time the effect of decoherence due to collisions with vari-
ous gases. They are in very good quantitative agreement
with decoherence theory. While we are currently inves-
tigating other possible limits of matter wave interferom-
etry – such as the emission of blackbody radiation – it
seems safe to rephrase a famous word by R. Feynman [22]:
There is plenty of room at the top.
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